Doxorubicin is an effective, widely used chemotherapeutic agent in the treatment of a variety of solid tumors and malignant hematologic disease. 1) However, cardiac toxicity, including the development of cardiomyopathy and clinical congestive failure, restricts the clinical use of the drug.
2) Therefore an understanding of the mechanisms that underlie doxorubicin-induced cardiac injury is crucial for the development of strategies to inhibit its cardiotoxic action. Studies have shown that treatment with doxorubicin results in transactivation into the nucleus to induce the expression of genes associated with cell arrest and apoptosis in the heart. 3, 4) A molecular mechanism leading to doxorubicin-induced cardiomyopathy has been proposed to account for increasing oxidant production, altered calcium handling, and mitochondrial injury. [5] [6] [7] This is probably reflected by the profound cardiomyocyte damage in certain states, which interferes with mitochondrial function.
Eukaryotic translation initiation factor 5A (eIF5A) is a highly conserved essential protein, which is the only protein that contains the unusual spermidine-derived amino acid residue hypusine. 8) In several mammalian cell types, eIF5A is an RNA-binding protein, which induced apoptosis via activation of the intrinsic mitochondrial pathway. 9) In humans, eIF5A is encoded by two genes, eIF5A1 and eIF5A2. eIF5A1 mRNA and protein appear to be present in all human tissues and cell types. However, eIF5A2 exhibits restricted expression in normal healthy tissue and is overexpressed in some cancers and cancer cell lines, prompting the suggestion that it may be an oncogene. However, data accumulated over the past 20 years have firmly established that the list of biologic responses mediated by eIF5A is extensive. Examples of such responses include phagocytosis and the uptake of apoptotic cells.
culture supplies were purchased from Gibco/Life Technologies Inc. Metformin (promoter of mitochondrial biosynthesis, 11) positive control) was from Invitrogen. Unless otherwise specified, all other reagents were of analytical grade.
Cardiac Muscle Cell Line H9c2 Culture and DNA Transfection The cardiac muscle cell line H9c2 was maintained at 37°C in a 5% CO 2 incubator, in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), penicillin 100 U/ml, streptomycin 100 mg/ ml, and 10% unnecessary amino acid. Cells used in experiments were from 5 to 7 passages. Lipofectin-and oligofectamine-transfection of eIF5A siRNA was performed according to the vendor's protocol. Briefly, to cardiomyocytes in one well of a six-well plate, 500 pmol of each expression vector and lipofectin 10 ml were diluted in 750 ml of OptiMEM (Life Technologies, U.S.A.). After preincubation of the lipofectin solution for 45 min at 37°C, both solutions were mixed and incubated for an additional 15 min at room temperature. The lipofectin/siRNA mixture was subsequently overlaid onto the cells and incubated for 2 h. Finally, 1 ml of growth medium (20% FCS) per well was added for further cultivation of the H9c2 cells. Reporter gene activities were normalized to total protein, and all results represent the average of triplicate experiments.
Construction of eIF5A siRNA-Expressing Plasmid Vector The complementary oligonucleotides encoded a hairpin structure with a 19-mer stem derived from the target site. In this experiment, the targeted siRNA sequences for eIF5A were 5Ј-AAC GGA ATG ACT TCC AGC TGA-3Ј. Two complementary domains were separated by a 9-bp loop sequence. Near the 3Ј end of the siRNA template was a 6-nucleotide poly(T) tract recognized as an RNA polIII termination signal. The 5Ј end of the two oligonucleotides was BamHI with an overhanging HindIII restriction site. Using green fluorescent protein (GFP) as the reporter gene, the vectors of the eIF5A siRNA-expressing plasmid were constructed with pGenesil-1 as the vector backbone. The siRNA synthesized and annealed was ligated into the BamHI and HindIII site of the pGenesil-1 expression vector. At the same time, we chose an unrelated gene siRNA as a negative control.
Western Blot Analysis After specific treatments, H9c2 cells were incubated in lysis buffer containing Tris-HCl 20 mM (pH 7.5), 1% Triton X-100, ethylene diamine tetracetic acid (EDTA) 1 mM, NaCl 150 mM, 10% glycerol, Na 3 VO 4 1 mM, NaF 50 mM, phenylmethyl sulfonylfluoride (PMSF) 1 mM and protease inhibitor mixtures for 20 min on ice. After insoluble debris was precipitated by centrifugation at 13000ϫg at 4°C for 15 min, the supernatants were collected. An equal amount of protein per sample (15 mg) was resolved on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride (PVDF) membrane. The transferred membranes were blocked for 1 h in 5% nonfat milk in phosphate-buffered saline (PBS) containing 0.05% Tween 20 and incubated with appropriate primary antibodies and HRP-conjugated secondary antibodies. The immune complexes were detected with a SuperSignal West Pico Chemiluminescent substrate kit (Pierce).
Separation of Cytosolic and Mitochondrial Fractions for Cytochrome-c Release After specific treatments, H9c2 cells were removed from the incubation plates (6ϫ10 6 cells/100-mm dish). To separate the cytosolic and mitochondrial fractions, protein was extracted and differentially centrifuged. The activities of lactate dehydrogenase and citrate synthase in both fractions were measured to determine the cross-contamination between the cytosolic and mitochondrial fractions. The results demonstrated that cross-contamination between the cytosolic and mitochondrial fractions of H9c2 cells were negligible. Then, cytochrome-c in cytosolic and mitochondrial protein as detected using Western blot analysis.
Assay of Intracellular Reactive Oxygen Species (ROS) in H9c2 Cells The production of intracellular H 2 O 2 was based on the fluorescence of H 2 DCFDA (10 mM). Intracellular oxidants cause H 2 DCFDA oxidation, yielding the fluorescent product 2,7-dichlorofluorescein (DCF). The assay was performed with fluorescence microscopy at an excitation wavelength of 488 nm and emission at 530 nm. H9c2 cells were plated on Petri dishes and incubated with H 2 DCFDA under various conditions for 10 min in the dark. The media were then removed, and H9c2 cells were lysed with radio immunoprecipitation assay (RIPA) buffer 12) under ice-cold condition as rapidly as possible in a hypoxic environment and then centrifuged to remove debris. In the supernatant, the fluorescence was detected using a spectrofluorometer with a slit width of 5 nm (data were normalized to values obtained from normoxic untreated controls). The experiments were repeated at least 10 times, and for each experiment fluorometric measurements were performed in 10 different sets and expressed as the fold increase in fluorescence with respect to the experimental control by subtracting basal fluorescence. 
Measurement of Intracellular Ca

Measurement of Mitochondrial Membrane Potential
The mitochondrial membrane potential (Dy m ) was estimated using a JC-1 probe according to the previously reported method 13) with slight modifications. The cationic mitochondria-specific fluorescent dye was used to detect the loss of Dy m following the induced apoptosis. The dye accumulates in mitochondria with increasing Dy m and ATP-generating capacity and presents in monomeric condition at an excitation wavelength of 485 nm (at lower concentration) and emission at 530 nm (at higher concentration). Briefly, H9c2 cells treated under various conditions after 60 h of culture were washed with serum-free medium and incubated with JC-1 10 mM at 37°C, then washed and resuspended with 10% serum containing medium, and measured at the two different wavelengths. The data reported are results after 10 repetitions of the experiments.
Detection of Apoptotic Cells Annexin V/propidium iodide staining was carried out according to the manufacturer's protocol (annexin V-FITC kit from Invitrogen). After treatment for the indicated times, H9c2 cells were washed with cold PBS and resuspended with binding buffer (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES) 10 mM, pH 7.4, NaCl 140 mM, CaCl 2 2.5 mM) before transferring 1ϫ 10 5 cells to a 5-ml tube. Then 5 ml of annexin V-FITC and 5 ml of propidium iodide were added, and the cells were incubated for 15 min in the dark. Binding buffer (400 ml) was then added to each tube, and the DNA content of the cells was analyzed using a FACScan (Becton Dickinson). Apoptotic cells were quantitated by the percentage of cells with a sub-G1 DNA content.
Statistical Analysis Most results are presented as meanϮS.D. Differences between various data sets were tested for significance using Student's t-test and a p value of less than 0.05 was considered significant.
RESULTS
Expression of eIF5A Protein Induced by Doxorubicin in H9c2 Cells
In this experiment, a suitable concentration of doxorubicin was investigated using the MTS cytotoxicity test (data not shown), and a dose-dependent potentiation of apoptosis was achieved. To investigate the effects of doxorubicin on the production of eIF5A protein, the expression of eIF5A in H9c2 cells treated (72 h) with doxorubicin (2 mM) was assessed (Fig. 1) . The expression of eIF5A protein was significantly increased in H9c2 cells treated with doxorubicin compared with controls. This finding suggests that eIF5A may play an important role in the survival of doxorubicintreated H9c2 cells.
Doxorubicin Induces H9c2 Cell Apoptosis via eIF5A To investigate the role of eIF5A in doxorubicin-induced H9c2 cell apoptosis, we used siRNA to inhibit the expression of eIF5A. In this experiment, H9c2 cells were transfected with eIF5A siRNA, negative siRNA, and empty siRNA. The expression of eIF5A was significantly decreased after transfection with eIF5A siRNA as compared with the PBS group during the experimental period. The negative siRNA and empty siRNA groups had no apparent change in eIF5A protein as compared with the PBS group. As shown in Fig. 2A , the optimal siRNA that inhibited the epression of the target genes as eIF5A siRNA. To study the functional role of eIF5A in doxorubicin-induced H9c2 cell apoptosis, we treated H9c2 cells with doxorubicinϩeIF5A siRNA, doxorubicinϩempty vector, doxorubicinϩmetformin (promoter of mitochondrial biosynthesis, positive control), and doxorubicin alone (control). As shown in Fig. 2B , FACS analysis revealed that the number of cells in the sub-G1 region increased after treatment with doxorubicinϩempty vector and doxorubicin alone in H9c2 cells. Under these conditions, inhibition of eIF5A markedly reduced the number of sub-G1 cells in the doxorubicinϩeIF5A siRNA group. This inhibition of apoptosis was 5-fold higher than in the doxorubicin alone-treated H9c2 cells. Meanwhile, to evaluate caspase-9 activation, the presence of the 17-kDa caspase-9 fragment was examined in H9c2 cells by treating cells with doxorubicinϩeIF5A siRNA, doxorubicinϩempty vector, doxorubicinϩmetformin and doxorubicin alone (Fig. 2C) . Overexpression of eIF5A induced an increase in the 17-kDa fragment during 18-h culture in the doxorubicinϩempty vector group and doxorubicin alone group, whereas inhibition of eIF5A inhibited the production of caspase-9 in the doxorubicinϩeIF5A siRNA group and doxorubicinϩmetformin group. Because metformin can promote mitochondrial biosynthesis, the production of caspase-9 markedly decreased. This finding indicates that eIF5A may induce the mitochondrial pathway of H9c2 cell apoptosis.
Doxorubicin Induced an Increase in Ca 2؉ and ROS Generation in H9c2 Cells via eIF5A The levels of Ca 2ϩ and ROS in H9c2 cells cultured with doxorubicinϩeIF5A siRNA, doxorubicinϩempty vector, doxorubicinϩmetformin and doxorubicin alone were evaluated. Cytosolic Ca 2ϩ determined with a fluorescent enzyme-linked immunosorbent assay (ELISA) reader revealed a notable elevation in [Ca 2ϩ ] i after culture with doxorubicinϩempty vector and doxorubicin alone (Fig. 3A) . The levels of ROS in the doxorubicinϩeIF5A siRNA, doxorubicinϩempty vector, doxorubicinϩmetformin and doxorubicin alone-groups of H9c2 cells were evaluated. Maximal ROS generation determined with the fluorescent ELISA reader was noted after doxorubicinϩeIF5A siRNA, doxorubicinϩempty vector, doxorubicinϩmetformin and doxorubicin-alone treatment for 1 h, and then the ROS level in the doxorubicinϩempty vector and doxorubicin-alone treatment groups increased and remained at approximately 4-fold that of doxorubicinϩeIF5A siRNAtreated H9c2 cells. In contrast, a slight change in the ROS level was found in cells transfected with doxorubicinϩeIF5A siRNA and doxorubicinϩmetformin. These findings indicate that the production of eIF5A induced by doxorubicin may lead to H9c2 cell apoptosis via the mitochondrial damage pathway.
Doxorubicin-Induced Loss of Mitochondrial Membrane Potential and Cytochrome-c Release in H9c2 Cells via eIF5A Mitochondrial permeability transition has been implicated in Dy m collapse. We thus explored the role of the relative change in Dy m in H9c2 cells overexpressing eIF5A. The dye JC-1 was used to monitor Dy m estimated as the 590-nm: 527-nm emission ratio. The Dy m value of the doxorubicin-alone treatment group remained at low levels compared with the doxorubicinϩeIF5A siRNA group and doxorubicinϩmetformin group (metformin can promote mitochondrial biosynthesis, as shown in Fig. 4A) . Moreover, the 1668 Vol. 33, No. 10
Fig. 1. Expression of eIF5A Protein in H9c2 Cell
The expression of eIF5A in H9c2 cells treated (72 h) with doxorubicin (2 mM) was assessed in this experiment. The expression of eIF5A protein was measured by using Western blotting. The graph shows the relative eIF5A protein levels normalized to bactin. Results shown are meanϮS.D. of three independent transfections (nϭ3), each conducted in triplicate. * * pϽ0.01 versus control group. relative loss of membrane potential in the doxorubicinϩ eIF5A siRNA, doxorubicinϩempty vector, doxorubicinϩ metformin, and doxorubicin-alone groups was observed from 48 h of culture and continued until 72 h. Thus changes in membrane potential in comparison with the control at a specific time period, i.e., 60 h of culture, was reduced. An approximately 50% loss in Dy m was observed in the doxorubicinϩempty vector group and doxorubicin-alone group compared with the doxorubicinϩeIF5A siRNA group. The doxorubicinϩeIF5A siRNA treatment of H9c2 cells resulted in a 20% increase in Dy m compared with the doxorubicinϩ metformin group after the initial manipulation (Fig. 4B) . As seen in Fig. 4C , a release of cytochrome-c into the cytosol was detected relative to a decrease in mitochondrial cytochrome-c in the doxorubicinϩempty vector and doxorubicin-alone group, whereas in the doxorubicinϩeIF5A siRNA and doxorubicinϩmetformin groups, the expression of cytochrome-c maintained the normal level. In the mitochondrial pathway, eIF5A induced by doxorubicin disrupts Dy m and releases cytochrome-c into the cytoplasm of H9c2 cells. Figure 5 shows that phospho-p38 MAPK and phospho-JNK were observed after doxorubicinϩeIF5A siRNA, doxorubicinϩempty vector, doxorubicinϩmetformin, and doxorubicin-alone treatment for the specified times. The proteins of phospho-p38 MAPK and phospho-JNK were notably increased in the doxorubicinϩempty vector and doxorubicin-alone treatment groups compared with the doxorubicinϩeIF5A siRNA and doxorubicinϩmetformin groups. Because metformin can promote mitochondrial biosynthesis, the activation of phospho-p38 MAPK and phospho-JNK markedly decreased. This suggests that the expression of eIF5A induced by doxorubicin is related to the activation of the p38 MAPK and JNK signaling pathways.
Effects of Doxorubicin on Phosphorylation of MAPKs in H9c2 Cells
SB202190 and SP600125 Reverse Doxorubicin-Induced H9c2 Cell Apoptosis In this experiment, we examined the role of the p38 MAPK and JNK pathways in H9c2 cell survival induced by doxorubicin. H9c2 cells were treated with SB202190 10 mM (p38 MAPK inhibitor) and SP600125 10 mM (JNK inhibitor) for 18 h. As seen in Fig. 6A , a release of cytochrome-c into the cytosol was detected relative to a decrease in mitochondrial cytochrome-c in doxorubicintreated H9c2 cells. To evaluate caspase-9 activation, the presence of the 17-kDa caspase-9 fragment was examined in H9c2 cells by treating them with doxorubicin, doxorubicinϩ SB202190 and doxorubicinϩSP600125. Doxorubicin induced an increase in the 17-kDa fragment during the 18-h period, but the inhibitors SB202190 and SP600125 reversed the doxorubicin-induced release of cytochrome-c and activation of caspase-9. As shown Fig. 6B , the number of cells in the sub-G1 region (H9c2 cell apoptosis) was significantly decreased in the doxorubicinϩSB202190 and doxorubicinϩSP600125 groups when compared with the doxorubicin-alone group in defined medium after 18 h. This suggests that doxorubicininduced H9c2 cell apoptosis is related to activation of the p38 MAPK and JNK signaling pathway.
DISCUSSION
It was reported that apoptosis is the principal process in doxorubicin-induced cardiomyopathy. 14) In this investigation, several typical apoptotic features, including mitochondrial dysfunction and caspase activation, were induced by doxorubicin in the H9c2 cardiacmyocyte cell line, which is used as a model for doxorubicin-induced cardiac toxicity. First, we demonstrated that the cardiacmyocyte apoptosis caused by doxorubicin was associated with the upregulation of eIF5A protein (Fig. 1). eIF5A is a multifunctional cellular protein expressed in a wide range of tissue and cell types including lymphocytes, endothelial cells, dendritic cells, and platelets. 15) Several studies also found a role for eIF5A in the regulation of apoptosis. Overexpression of eIF5A was found to induce apoptosis in hepatocellular 16) and colon 17) cancer cell lines. In our experiments, the stable overexpressing form of eIF5A was prepared by treating H9c2 cells with doxorubicin. As shown in Fig. 2 , flow cytometry analysis further revealed that the number of cells in the sub-G1 region increased after treatment with doxorubicinϩempty vector and doxorubicin alone. Growth inhibition of H9c2 cells was further characterized with the induction of apoptosis as indicated by caspase-9 expression. The number of cells in the sub-G1 region and the expression of caspase-9 both decreased after treatment with doxorubicinϩeIF5A siRNA, and doxorubicinϩmet-formin. These data indicate that doxorubicin may induce apoptosis of H9c2 cells via the effects of eIF5A protein.
Increasing evidence suggests that altered mitochondrial function is linked to apoptosis, and a decreasing mitochondrial transmembrane potential is associated with mitochondrial dysfunction. ROS are generated in mitochondria as a product of oxidative phosphorylation 18) and at low concentrations are involved in normal cell signaling. However, when ROS are generated in excess in defective mitochondria, they may act as a cytotoxic factor initiating apoptosis. 19) We found that the generation of ROS, creating mitochondrial dysfunction, led to apoptosis by doxorubicin-induced H9c2 cells expressing eIF5A, a unique amino acid hypusine, following its accumulation in mitochondria.
Oxidant generation correlated with intracellular Ca 2ϩ accumulation. This observation was also supported by the release of cytochrome-c after transfecting H9c2 cells with doxorubicinϩempty vector and doxorubicin alone. Meanwhile, we observed that doxorubicinϩeIF5A siRNA mediated the reduction in eIF5A production in this transformant and conferred protection against ROS generation and apoptosis induction by decreasing caspase-9 expression in H9c2 cells. It is speculated that eIF5A may regulate intramitochondrial concentrations of divalent cations such as Ca 2ϩ . It was expected that interference with electron transport by ROS and intracellular Ca 2ϩ would influence Dy m . As expected, the changes in Dy m in doxorubicinϩempty vector-and doxorubicin-alone-expressing cells were observed as a consequence, thus inducing the apoptotic signaling pathway. All these characteristic features of eIF5A augment our present observations on mitochondrial Ca 2ϩ overload in eIF5A overexpressing cells, suggesting its role in mitochondria-dependent apoptosis.
Since activated MAPKs are common components of the apoptotic program, the activated MAPK family members including p-p38 MAPK and p-JNK in cells treated with doxorubicinϩeIF5A siRNA, doxorubicinϩempty vector, doxorubicinϩmetformin, and doxorubicin alone were examined. Figure 5 shows that phospho-p38 MAPK and phospho-JNK were notably increased after doxorubicinϩempty vector and doxorubicin-alone treatment for 30 min. Alternatively, eIF5A siRNA treatment reduced the level of phospho-p38 MAPK and phospho-JNK. Pretreatment with SP600125 and/or SB202190 increased the survival of doxorubicinϩempty vector and doxorubicin alone-treated H9c2 cells (Fig. 6B) . This suggests that the activation of p38 MAPK and JNK was related to doxorubicin-induced apoptotic H9c2 cells death via the function of eIF5A.
As ROS are essential for triggering and completing apoptosis, our present results on the generation of ROS by eIF5A overexpression can be correlated with doxorubicin-induced H9c2 cell apoptosis. It is a novel finding that the regulatory role of eIF5A in ROS generation causes mitochondrial dysfunction. However, eIF5A treatment initiates Ca 2ϩ influx and then activates p38 MAPK and JNK, which modulate the expression of caspase-9. Then alterations in mitochondrial permeability and Dy m loss trigger cytochrome-c release, caspase activation, and H9c2 cell apoptosis. We suggest that eIF5A could play an important role in H9c2 cell growth promotion or growth inhibition depending on its level of expression and subcellular context.
